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SUMMARY 
A preliminary experimental study was made of the properties of 
ferrocene as a solute and as a suspension i n  JP-4 fue l ,  and of the igni- 
t i o n  delays of ferrocene - JP-4 mixture with A.F. specification 14104 
white fuming n i t r i c  acid (WFNA). The investigation covered concentra- 
t ions  of 4 t o  10 percent by weight ferrQcene, and a temperature range 
of -40' t o  80' F. 
The so lub i l i t y  of ferrocene i n  JP-4 i s  about 5 percent a t  room tem- 
perature and about 1 percent (extrapolated) a t  -80° F. The so lubi l i ty  
i s  increased somewhat by increased aromatics content. Undissolved ferro-  
cene pa r t i c l e s  of 100 mesh and smaller s e t t l e  rapidly i n  JP-4. 
Clear solutions of 4 and 5 percent ferrocene i n  JP-4 fue l s  containing 
10 and 25 percent by volume aromatics, respectively, do not igni te  with 
WFNA a t  room temperature. Mixtures containing 10 percent ferrocene (100- 
mesh and smaller undissolved par t ic les  i n  suspension) ignited with vigor- 
ous pers i s ten t  flames a t  room temperature, but did not igni te  a t  -38' F. 
The igni t ion delays a t  room temperature, however, were widely varied; 
the range from 85 milliseconds t o  over 1 second perhaps ref lected dif-  
f erences i n  degree of sedimentation. 
INTRODUCTION 
For several years a demand has existed f o r  an additive tha t  w i l l  pro- 
mote the igni t ion of hydrocarbon fue l s  by fuming n i t r i c  acid. Several 
informal reports received a t  t h i s  laboratory have indicated tha t  fe r ro-  
cene, F ~ ( c ~ H ~ ) ~ ,  may be suitable f o r  t h i s  purpose. Ferrocene i s  a unique 
chemical i n  tha t  it contains five-member carbon rings which have some of 
the properties of the six-member benzene ring; ferrocene thus may be 
considered t o  be an aromatic compound ( r e f .  1 ) .  The acid-ignitible prop- 
e r t i e s  of cer ta in  benzene derivatives are  well  known; the igni t ion prop- 
e r t i e s  of ferrocene are of speculative a s  well a s  p rac t i ca l  in te res t .  
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An igni t ing agent t o  be of maximum usefulness i n  rocket applica- 
t i on  should be i n  a form tha t  can be conveniently injected into the rocket 
chamber. Ferrocene i s  a sol id  a t  ordinary temperature; if it i s  t o  be 
used i n  conventional rocket equipment as  an additive t o  hydrocarbon fue l ,  
a study of i t s  so lubi l i ty  and properties as a suspension is  required. 
An idea l  igni t ing agent should function a t  low as well as a t  moderate 
temperatures, and should be required only i n  low concentration. A pre- 
liminary investigation was made of the properties of ferrocene as  a solute 
and a suspension i n  JF-4 fue l ,  and of the ignition delays of these mix- 
tures  with A.F. specification 14104 white fuming n i t r i c  acid. 
F'R OCEDURE 
Solubili ty.  - The so lub i l i t i e s  of ferrocene i n  JP-4 containing 10 
and 25 percent aromatics by volume were determined by v isua l ly  observing 
the temperature a t  which ferrocene completly redissolved i n  a solution 
of known concentration. 
Sedimentation. - Ferrocene w a s  ground i n  a mortar and passed through 
a 100-mesh brass sieve. Qualitative comparisons were made of the sedi- 
mentation r a t e  of f errocene suspension i n  JP-4 (10-percent aromatics) 
containing no additive and small amounts of o le ic  acid, s tear ic  acid, 
c a s t i l e  soap, and aerosol. 
Igni t ion delays. - Ignition delay experiment$ were conducted i n  the 
modified open-cup apparatus described and discussed i n  references 2 t o  4. 
- - -  
Clear solutions of 4 and 5 percent by weight ferrocene i n  JP-4 fue l s  
containing 10 and 25 percent by volume aromatics, respectively, and a 
mixture of 10 percent by weight ferrocene (100-mesh and smaller undis- 
solved par t ic les  i n  suspension) were investigated with WFNA a t  room 
temperature, and 10 percent mixtures a l so  a t  -40' F. A low-freezing red 
fuming n i t r i c  acid (RFNA) was a l so  used a t  -40' F. 
MATERIALS 
Ferrocene. - A small sample of ferrocene received from a chemical 
manufacturer was used. The melting point was 174O C (345' F )  and the 
boi l ing point about 240° C (464O F ) ,  according t o  the manufacturer. 
JP-4 fuels .  - The JP-4 f u e l  containing 10 percent by volume aromatics 
w a s  NACA RF 52-288. The JP-4 f u e l  containing 25 percent by volume aro- 
matics was prepared from RF 52-288 by the addition of 15 percent toluene. 
Other properties of RF 52-288 are:  
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Boiling range, ?F . . . . . . . . . . . . . . . . . . . . . .  139 t o  486 
Residue,percent . . . . . . . . . . . . . . . . . . . . . . . . .  . 1 . 2  
Reid vapor pressure, lb/sq in. . . . . . . . . . . . . . . . . . . .  2.7 
I Specific gravi ty a t  60° F . . . . . . . . . . . . . . . . . . . . .  0.776 
Hydrogen-carbon r a t i o  . . . . . . . . . . . . . . . . . . . . . . .  0.168 
Net heat,  ~ t u / l b  . . . . . . . . . . . . . . . . . . . . . . . .  18,675 
Aniline point, OF . . . . . . . . . . . . . . . . . . . . . . . . .  136.8 
Viscosity a t  100' F, centistokes . . . . . . . . . . . . . . . . .  0.935 
Acids. - The acid used f o r  most of the  igni t ion delay experiments 
was an A.F. specif icat ion 14104 white fuming n i t r i c  acid (WFNA). A few 
experiments were conducted a lso  with a low-freezing red fuming n i t r i c  
acid (RFNA) containing approximately 3 percent water and 20 percent n i t ro-  
gen tetroxide. Both acids were stored i n  aluminum drums. 
RESULTS AND DISCUSSION 
Solubi l i ty  of ferrocene i n  JP-4 fue l s  containing 10 and 25 percent 
aromatics. - Solubi l i ty  data are  shown as  functions of temperature and 
aromatic content i n  f igure 1. The curves, drawn from the experimental 
data and the reported melting point,  a re  extrapolated t o  -800 F. The 
so lub i l i t y  of ferrocene i n  JP-4 i s  shown t o  be about 5 percent by weight 
a t  room temperature and about 1 percent a t  -80' F (approximately the max- 
imum specified freezing temperature f o r  JP-4). The so lub i l i t y  increases 
somewhat with aromatic content. 
Sedimentation and s t ab i l i t y .  - Quali ta t ive experiments show t h a t  the  
sedimentation r a t e  of ferrocene (100-mesh and smaller pa r t i c l e s )  i s  quite 
rapid. Most of the  material  s e t t l e s  from a 1-inch column i n  about 2 
minutes. None of the additives,  o le ic  acid, s t ea r i c  acid,  c a s t i l e  soap, 
or aerosol, had an appreciable e f fec t  on the sedimentation r a t e .  
A small amount of light-colored finely-divided precipi ta te  was 
observed t o  form in  clear  solutions of ferrocene, apparently as  a r e su l t  
of exposure t o  a i r .  The additives did have some ef fec t  on t h i s  precipi-  
t a t e .  Ferrocene which had se t t l ed  out of JP-4 and had stood f o r  over a 
week was found t o  have formed a cake tha t  required considerable agi ta-  
t i on  t o  break up. 
Igni t ion experiments. - The re su l t s  of the  igni t ion experiments are  
shown i n  table  I. The clear  solution of 4 and 5 percent by weight fe r ro-  
cene i n  JP-4 f u e l s  containing 10 and 25 percent aromatics, respectively, 
did not igni te  a t  room temperature. Bubbling reactions occurred f o r  both 
fue ls ,  the more vigorous reactions occurring with the 5 percent ferrocene 
i n  the 25 percent aromatic fuel .  This f u e l  a l so  produced a more nearly 
homogeneous mixture with the acid. 
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Other igni t ion experiments showed t h a t  a 10 percent by weight par- 
t i a l l y  suspended mixture of ferrocene (100 mesh or smaller) Would igni te  
with a sustained vigorous flame a t  room temperature when A.F. specifica- 
t i o n  WFNA was used. The delays, however, were long and variable ranging 
from 85 milliseconds t o  more than 1 second (four t r i a l s ) .  The variation 
may, i n  par t ,  be caused by differences i n  the  amount of sedimentation, i n  
sp i te  of the f a c t  t ha t  an attempt was made t o  minimize t h i s  d i f f i cu l ty  
by vigorously shaking the en t i re  apparatus just pr ior  t o  f i r ing .  Four 
similar experiments a t  -40' F did not produce igni t ion with WFNA, but a 
flame was obtained with low-freezing RFNA a f t e r  a delay of about 30 sec- 
onds (1 out of 2 t r i a l s ) .  
Appraisal. - These experiments show tha t  ferrocene i s  not soluble 
enough i n  JP-4 t o  make the f u e l  self- igni t ing,  and 10-percent mixtures 
containing suspended ferrocene, although hypergolic a t  room temperature, 
did not igni te  a t  -38' F. The data indicate tha t ,  from an ignition stand- 
point,  the use of ferrocene per se as an additive t o  JT-4 f u e l  i s  not 
- - 
promising. I t s  use t o  promote be t t e r  combustion, however, remains un- 
explored. The poss ib i l i t y  also ex is t s  t ha t  derivatives of ferrocene may 
have be t t e r  so lub i l i t y  and igni t ion character is t ics  than ferrocene it- 
s e l f ,  or t ha t  ignition character is t ics  of small amounts of ferrocene may 
be augmented by other agents. 
With regard t o  fur ther  exploitation of ferrocene with hydrocarbon 
fue l s  i n  rockets, the following chemical approaches should be considered: 
1. Preparation and study of the properties of ferrocene derivatives. 
For example, i f  the methyl derivatives are  analogous t o  phenyl compounds, 
they w i l l  have lower melting points and, consequently, higher solubil- 
i t i e s  i n  hydrocarbons. Amino derivatives may have even more desirable 
igni t ion character is t ics  than ferrocene i t s e l f .  
2. Investigation of possible synergistic e f fec ts  on acid igni t ion 
between small amounts of ferrocene and other additives dissolved i n  
hydrocarbon fuels .  
3. Stabi l izat ion of ferrocene suspensions i n  hydrocarbon fue l s  by 
means of gel l ing agents. 
A f a i r  appraisal  of suspended ferrocene a s  an igni t ing agent i s  d i f -  
f i c u l t  because of a lack of igni t ion data on other suspensions i n  hydro- 
carbons. There i s  some evidence f o r  the supposition tha t  igni t ing agenks 
tha t  a re  r e l a t ive ly  insoluble i n  hydrocarbons and occur as  suspensions 
may produce igni t ion more readi ly  than those agents tha t  are  t o t a l l y  
dissolved. An ob3ective approach, therefore, would be t o  investigate 
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suspensions of other agents, as  well as ferrocene; examples of agents of 
t h i s  type are hydrazine and the a l k a l i  metals. 
Lewis Fl ight  Propulsion Laboratory 
National Advisory Committee f o r  Aeronautics 
Cleveland, Ohio, August 25, 1953 
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TABLJ3 I. - I G N I T I O N  CHARACTE;RISTICS OF FERROCENE - JP-4 MIXTURES 
WITH A.F. SPECIFICATION 14104 WHITE FUMING NITRIC  ACID 
&No ignition. 
b ~ a t a  obtained with low-freezing red fuming n i t r i c  acid. 
Qualitative observations Ignition 
delay, 
m i U i  - 
seconds 
Fuel mixture Temper - 
ature,  
OF 
Clear solutions 
4 Percent by weight 
ferrocene i n  JP-4 
containing 10 per- 
cent by volume 
aromatics 
5 Percent by weight 
ferrocene i n  JP-4 
containing 25  per- 
cent by volume 
aromatics 
7 2 
7 2  
7 2 
7 2  
Suspensions 
&NI 
N I  
N I  
N I  
10 Percent by weight 
ferrocene i n  JP-4 
containing 10 per- 
cent by volume aro- 
matics (100-mesh and 
smaller par t ic les  i n  
suspension) 
Bubbling reactions, red 
fumes; acid and f u e l  i n  
two layers 
Bubbling reactions more 
vigorous; l e s s  separa- 
t i on  of acid and f u e l  
Vigorous prolonged 
flames. Liquid residue 
remaining formed a 
suspension i n  water 
No bubbling noticed, no 
noticeable separation 
of f u e l  and acid 
Sustained bright flame 
No igni t ion 
77 
77 
77 
77 
' 
-38 
-38 
-38 
-38 
-38 
-38 
85 
160 
a85 
>lo00 
N I  
N I  
N I  
N I  
a30 sec 
N I  
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10 and 25 percent by volume aromatics, respectively, do not igni te  with 
WFNA a t  room temperature. Mixtures containing 10 percent ferrocene (100- 
mesh and smaller undissolved par t ic les  i n  suspension) ignited with vigor- 
ous pers i s ten t  flames a t  room temperature, but did not igni te  a t  -38O F. 
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